Background {#Sec1}
==========

Despite the development of new techniques for minimally invasive partial nephrectomy, renal warm ischemia is often necessary to obtain an adequate operative field \[[@CR1]\]. However, renal ischemia during partial nephrectomy is associated with post-operative functional decline \[[@CR2]\].

A maximum duration of 25 min for warm ischemia has been proposed for preventing renal damage \[[@CR3]\]. Furthermore, recent studies have shown that the quality and quantity of remnant renal parenchyma is of great importance to predict renal function \[[@CR4]\]. Thus, various methods have been employed to prevent damage to the remnant kidney parenchyma after prolonged warm renal ischemia \[[@CR5]--[@CR8]\].

Mannitol has been employed to ameliorate the renal damage caused by warm ischemia during partial nephrectomies. Although there is limited scientific evidence to validate the application of mannitol to preserve kidney function during partial nephrectomy, almost 80% of groups that perform partial nephrectomy routinely apply mannitol as an ameliorating agent \[[@CR9]\]. According to some investigations, renal function exhibits no difference in relation to mannitol administration during renal ischemia in partial nephrectomy \[[@CR10], [@CR11]\]. However, there is a lack of quantitative morphological studies exploring the effects of mannitol to ameliorate damage caused during renal warm ischemia. For this experiment, swine was employed as an animal model, since it is considered the most adequate model for comparison with human kidney's anatomy and physiology \[[@CR12], [@CR13]\] Thus, the aim of this study was to investigate the number of glomeruli, applying an unbiased stereological method, post renal warm ischemia with and without the administration of mannitol, in a porcine model.

Methods {#Sec2}
=======

Twenty-four male domestic pigs weighing 25 kg were included in this study. All experiments were performed in adherence to the Brazilian law for scientific use of animals, and this project was formally approved by the local Ethics Committee for animal experimentation (CEUA-048-2011). Animals were accommodated in groups of six in appropriate facilities, with air conditioning, food, and water ad libitum.

The animals were randomly assigned into three experimental groups of eight animals each. Group sham (S) was subjected to kidney and hilar dissection but not renal ischemia. Group ischemia (I) was subjected to 30 min of renal warm ischemia. Group mannitol (M) was also subjected to 30 min of renal warm ischemia, but mannitol (250 mg/kg, IV) \[[@CR14]\] was administrated 15 min before the pedicle clamping.

The left kidney was accessed laparoscopicaly with a transperitoneal approach under general anesthesia and aseptic technique, \[[@CR12]\]. Renal vessels were clamped *en bloc* in groups I and M with a laparoscopic Satinsky clamp. After 30 min of ischemia, the vascular clamp was removed, and the normal color of the kidney was verified through observation. In the sham group, all steps (except the hilar clamping) were performed; subsequent to the dissection of the renal pedicle, the animals were maintained under anesthesia for 30 min without renal ischemia. The right kidneys were not manipulated during the experiment and were served as controls. The animals were administered a single dose of penicillin benzathine (Benzetacil, Eurofarma, São Paulo, Brazil) at 400, 000 UI/Kg subsequent to anesthetic induction and tramadol hydrochloride (Tramal, Pfizer, Guarulhos, Brazil) at 4 mg/Kg twice a day for 48 h post surgery. Food and water were offered ad libitum six hours after the procedure. The recovery to normal ambulation required up to four hours after the surgery. Serum creatinine and urea levels were determined before surgery and on post-operative days 10 and 21 to assess renal function. For this purpose, animals were restrained and blood was collected through venipuncture. Serum was separated through the technique of centrifugation and stored at −20^o^ C until analysis.

The animals were evaluated on a daily basis for 21 days after surgery, and subsequent to this period, were euthanized through anesthetic overdose (sodium thiopental 200 mg/kg IV). The kidneys were harvested, weighed, and their volumes were measured with the Scherle's method \[[@CR15]\]; subsequently, the organs were fixed by immersion in 4% buffered formaldehyde for stereological analyses. All histological analyses were performed by a blinded observer. Samples were randomly collected from the cortical region of these 48 kidneys and were processed through routine histological methods. The specimens were paraffin-embedded, sectioned at 5-μm thickness, and stained with hematoxylin and eosin. The cortical-medullar ratio was estimated employing the point-counting-method according to the Cavalieri principle \[[@CR16]\]. The absolute cortical volume (CV) was achieved through the product of the cortical-medullar ratio and renal volume.

From each kidney, 25 histological fields obtained from different sections of the renal cortex were photographed with a digital camera (DP70, Olympus, Tokyo, Japan) coupled to a microscope (BX51, Olympus). Glomerular volumetric density (Vv \[glom\]) was estimated by the point-counting technique with a M42 test-system \[[@CR17], [@CR18]\].

The volume-weighted mean glomerular volume (VWGV) was estimated using the point-sampled intercept method \[[@CR16], [@CR17], [@CR19]\], analyzing 50 glomeruli per kidney.

The estimation of the total number of glomeruli per kidney was achieved through the product of CV and Vv \[glom\] and the division of the quotient by the VWGV \[[@CR16], [@CR19]\].

For each stereological parameter, left kidneys were compared with the right organs of each group with the Student's *t* test. Mean creatinine and urea serum levels were compared between groups by employing one-way ANOVA and between different experimental instances (0, 10, and 21 days respectively) through repeated measures ANOVA. For all comparisons, *p* \< 0.05 was considered significant. Data were expressed as mean ± standard deviation. Analyses were performed using GraphPad Prism 5.0 (GraphPad Software, San Diego, USA).

Results {#Sec3}
=======

All animals recovered effectively from the surgeries and were included for the evaluation of allanalyzed parameters. No adverse events were observed. No variations in serum creatinine and urea levels were observed among the studied groups (Table [1](#Tab1){ref-type="table"}).Table 1Serum creatinine levels of pigs subjected to sham surgery or to renal ischemia with or without mannitol administrationCreatininePreoperative10 days Post-operative21 days Post-operative*p* valueSham1.52 ± 0.41.10 ± 0.11.39 ± 0.70.62Ischemia1.13 ± 0.31.13 ± 0.21.20 ± 0.30.85Mannitol1.3 ± 0.50.92 ± 0.20.91 ± 0.10.10*p* value0.310.160.16Preoperative10 days Post-operative21 days Post-operative*p* valueUreaSham37.0 ± 1.438.2 ± 8.241.0 ± 6.80.63Ischemia41.9 ± 8.241.2 ± 7.242 ± 7.20.98Mannitol33.4 ± 4.935.7 ± 9.035.9 ± 7.00.82*p* value0.090.450.21Data expressed as mean ± S.D.

The weight and volume of the left kidney for group I reduced by 6.2% and 6.3% respectively, in comparison to the right kidney. For group S as well as group M, no difference was observed between the weight and volume of the kidneys.

The cortical-medullar ratio and absolute CV were the only factors that recorded a difference among left and right kidneys of group I, with the left kidney displaying a 2.3% and 8.3% decrease in these parameters respectively. For the other groups, no difference was noted regarding these parameters. Regarding Vv \[glom\] and VWGV, no difference was found across all groups.

Finally, the total number of glomeruli in left kidneys of group I, a 24.6% decrease in comparison to the right kidneys was observed. This represented a loss of approximately 290, 000 glomeruli caused by warm ischemia for 30 min (Fig. [1](#Fig1){ref-type="fig"}). However, in the group subjected to the same duration of ischemia exposure, but received mannitol pre-treatment, no difference was observed, along with group S. All stereological data are listed in Table [2](#Tab2){ref-type="table"}.Fig. 1Number of glomeruli in the left kidneys of pigs subjected to sham surgery or warm ischemia for 30 min with and without mannitol pre-treatment. \**p* \< 0.05 in comparison to contra lateral control. Data are expressed as mean (boxes) ± standard deviation (error bars)Table 2Stereological data of right and left kidneys of pigs subjected to sham surgery or to left renal ischemia with or without mannitol administrationShamIschemiaMannitolRightLeft*p*-valueRightLeft*p*-valueRightLeft*p*-valueKidney weight (g)56.8 ± 4.958.2 ± 8.50.5259.2 ± 10.955.5 ± 11.00.00858.5 ± 10.455.4 ± 8.50.06Kidney volume (ml)54.4 ± 4.155.2 ± 7.70.7056.6 ± 9.853.0 ± 10.50.00755.4 ± 9.852.5 ± 8.10.09Cortical-medullar ratio (%)71.6 ± 2.370.4 ± 4.10.3271.8 ± 2.470.1 ± 2.20.0471.4 ± 4.071.9 ± 3.30.72Cortical volume (ml)38.9 ± 3.338.9 ± 6.50.9840.6 ± 7.437.2 ± 7.90.00239.3 ± 5.937.8 ± 6.20.17Vv \[glom\] (%)3.79 ± 0.53.72 ± 0.50.683.59 ± 0.43.08 ± 0.90.164.06 ± 0.93.72 ± 0.80.37VWGV (10^5^ μm^3^)13.4 ± 1.612.7 ± 1.10.2512.5 ± 2.412.4 ± 1.20.9414.1 ± 3.914.3 ± 3.90.86Glomeruli (millions)1.10 ± 0.11.14 ± 0.20.681.18 ± 0.20.89 ± 0.20.041.18 ± 0.40.99 ± 0.20.18Data expressed as mean ± S.D.

Discussion {#Sec4}
==========

Warm ischemia was identified as the "ultimate enemy" for partial nephrectomy \[[@CR20]\], and several methods to ameliorate its negative aspects have been proposed \[[@CR5]--[@CR8]\]. Although mannitol is largely employed for this purpose \[[@CR9]\], its effects for ischemia protection during partial nephrectomy were only recently investigated \[[@CR10], [@CR11]\]. This is the first study that shows the beneficial effects of mannitol for preserving the renal functional units post warm ischemia.

Both previous studies on this issue indicated that the use of mannitol during partial nephrectomies does not affect clinically significant improvements in renal function preservation \[[@CR10], [@CR11]\]. They were retrospective studies that presented the results of estimated glomerular filtration rate of patients subjected to partial nephrectomy with or without mannitol administration. Therefore, their negative results may be due to the heterogeneity of the patients and laboratory analysis. Although the animal model presents certain limitations, the present study was randomly conducted with several appropriate control factors that may affect the results, such as age, weight, and nutritional status, warm ischemia time, mannitol dosage, and performed analysis.

Furthermore, in the present study, we used unbiased stereological methods to determine the number of glomeruli on each kidney that could be considered equal to the number of nephrons \[[@CR16], [@CR19]\]. As a "nephron-sparing surgery," the main objective of partial nephrectomy is the treatment of the renal tumor while sparing as most nephrons as possible. In accordance with this objective, one of the most adequate measurements to study the impact of warm ischemia for partial nephrectomy would be the determination of the number of nephrons \[[@CR17]\].

The preservation of renal nephrons following warm ischemia by mannitol usage may rely on different mechanisms. Mannitol is most recognized as an osmotic diuretic, and diuretics (not only mannitol but also furosemide) are known to inhibit tubular reabsorption and decrease parenchymal oxygen demand \[[@CR21]\]. Thus, different diuretics have been employed before renal warm ischemia \[[@CR9]\]. Moreover, mannitol is an intravascular volume expander, associated with the increased renal blood flow \[[@CR22]\]. As more blood flows into the kidney, more oxygen is delivered to renal cells, and this is considered beneficial for an organ supposed to be subjected to ischemia. Finally, mannitol is also considered an antioxidant, capable of scavenging the hydroxyl radical, thus reducing oxidant-derived injury in several organs \[[@CR23], [@CR24]\]. As reactive oxygen species are largely produced during renal warm ischemia, the group that received mannitol in the present study may experience non-significant reduction in the number of nephrons due to the antioxidant properties of mannitol.

Despite the potential advantages of the use of mannitol during warm ischemia for partial nephrectomy displayed in the present study, some issues should be addressed. As stated by Omae et al., \[[@CR10]\] omitting the use of mannitol offers some advantages, including reduction of operative time and procedural costs. Further, some complications with mannitol administration during partial nephrectomy have been reported \[[@CR25]\]. Thus, we should note that mannitol usage is not free of charge. However, we should emphasize that mannitol infusion can be planned during surgery to reduce operative time, and also, the cost of mannitol is minimal, especially when compared to the overall costs of laparoscopic partial nephrectomy.

The results of our study support the application of mannitol as a renal warm ischemia protective agent to be employed during partial nephrectomy. Regardless, further evidence confirming or refuting these results is required. The effects of mannitol should be studied in other experimental situations such as single kidney models, renal insufficiency, and selective clamping techniques. Further, this is an animal study, and its results should not be directly transposed to humans. Although the swine constitutes the most adequate model for comparison with human kidney's anatomy and physiology \[[@CR12], [@CR13]\], is the fact remains that this is study was conducted in an experimental setting and different from clinical practice.

Conclusion {#Sec5}
==========

In conclusion, we discovered that warm ischemia of 30 min in a Pig Model determined a loss of nearly one quarter of renal nephrons. However, the application of mannitol prevented significant nephron loss during warm ischemia.
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